Drug-induced kidney injury is often observed in the clinics and can lead to longterm organ failure. In this work, we evaluated a novel in vitro system that aims at detecting whether compounds can cause renal proximal tubule damage in man. For this, we implemented organotypic cultures of human conditionally immortalized proximal tubule epithelial cells overexpressing the organic anion transporter 1 (ciPTEC-OAT1) in a threechannel OrganoPlate under microfluidic conditions. Cells were exposed to four known nephrotoxicants (cisplatin, tenofovir, cyclosporine A, and tobramycin). The effect on cell viability and NAG release into the medium was determined. A novel panel of four miRNAs (mir-21, mir-29a, mir-34a, and mir-192) was selected as potential biomarkers of proximal tubule damage. After nephrotoxicant treatment, miRNA levels in culture medium were earlier indicators than cell viability (WST-8 assay) and outperformed NAG for proximal tubule damage. In particular, mir-29a, mir-34a, and mir-192 were highly reproducible between experiments and across compounds, whereas mir-21 showed more variability. Moreover, similar data were obtained in two different laboratories, underlining the reproducibility and technical transferability of the results, a key requirement for the implementation of novel biomarkers. In conclusion, the selected miRNAs behaved like sensitive biomarkers of damage to tubular epithelial cells caused by several nephrotoxicity mechanisms. This biomarker panel, in combination with the 3D cultures of ciPTEC-OAT1 in the OrganoPlate, represents a novel tool for in vitro nephrotoxicity detection. These results pave the way for the application of miRNAs in longitudinal, time-course in vitro toxicity studies.
INTRODUCTION
Drug-induced kidney injury (DIKI) is often observed in the clinics, can be a dose-limiting factor, and can lead to chronic kidney failure. The use of nephrotoxic drugs has been implicated in up to 25% of all cases of severe acute renal failure, in particular tubular necrosis, in critically ill patients (1) . Despite its clinical relevance, detection of DIKI during the drug development process relies mainly on animal experimentation and histopathological examination (2, 3) . In the last years, advances have been made in qualifying novel biomarkers to detect kidney injury using body fluids and seven biomarkers have been successfully qualified for preclinical animal tests (4, 5) . Some biomarkers, for example kidney injury molecule 1 (KIM-1) and urinary N-acetyl-beta-D-glucosaminidase (NAG), have been implemented in the clinic as well as in vitro (6) (7) (8) . In addition to the advancements in biomarkers of kidney injury in vivo, there is quite some interest in developing human in vitro test systems and biomarkers that can be used early in the drug screening process. Currently used systems apply either simple twodimensional (2D) cell cultures or more complex, 3D cell cultures combined with microfluidics devices (3, 9) . Some published results on human proximal tubule epithelial cells (PTEC) grown on filter inserts or on microphysiologic systems (kidney-on-a-chip) used gene expression analysis for the detection of drug-induced cell injury (10, 11) . The results indicate that gene expression changes are associated with PTEC damage in vitro. The disadvantage of gene expression is that transcripts can only be measured at the end of an experiment (endpoint measurement), since the detection requires cell lysis. Extracellular biomarkers that can potentially be collected over time would be ideal. Enzymes, like NAG, or miRNAs that can be leaked or secreted from damaged cells would be better suited for the detection of in vitro nephrotoxicity. Recently, the correlation of increased serum levels of selected miRNAs in patients with acute kidney injury has been published (12) .
In this work, we sought to investigate changes in miRNA released to the cell culture medium as potential markers for nephrotoxicity. For this purpose, we cultured the conditionally immortalized PTEC line overexpressing the organic anion transporter 1 (ciPTEC-OAT1) cells in 2D monolayers and in a 3D microfluidics system (OrganoPlate). The selected cell line has been engineered to overexpress the transporter OAT1. In vitro models generally lack this transporter due to dedifferentiation of PTEC in culture (13) . It has been reported that OAT-deficient cell models are not ideal for drug toxicity evaluation as many substances, including the nucleotide analogue reverse transcriptase inhibitor tenofovir, are organic anions and as such substrates for OAT1 or OAT3 (14) .
We exposed ciPTEC-OAT1 cells to four known nephrotoxicants and evaluated the effects by determining cell viability and by measuring putative biomarkers in the medium: miRNA levels and NAG levels. All these endpoints can be multiplexed and are non-destructive, so that the cells can be maintained in culture for longer exposures or lysed for the measurement of other parameters (e.g., gene expression or immunohistochemistry).
The four selected compounds were the aminoglycoside antibiotic tobramycin, the cytostatic cisplatin, the antiretroviral agent tenofovir, and the immunosuppressant cyclosporine A. All these compounds have been associated with kidney injury in the clinic. Cisplatin can lead to acute kidney injury, characterized by PTEC injury, oxidative stress, inflammation, and vascular injury in the kidney (15) . Cyclosporine A has been often associated with acute and chronic nephropathies. Acute nephropathy may be caused by a reduction in renal blood flow, although the pathophysiological mechanism leading to chronic kidney damage is not completely understood. Among other effects, upregulation of transforming growth factor beta 1 (TGFβ-1), inappropriate apoptosis, endoplasmic reticulum stress, and autophagy have all been implicated in the pathogenesis of chronic cyclosporine A-induced nephropathy (16) . Aminoglycosides like tobramycin are known to induce nephrotoxicity that can lead to renal failure, initiated by their receptor-mediated uptake in PTEC, where they accumulate in endosomal and lysosomal vacuoles, and Golgi complex (17) . Tenofovir-induced injury has been associated with accumulation in the renal tubule cells due to rapid drug uptake via the human organic anion transporters and limited efflux into tubular lumen (18) . Once in the cells, tenofovir has been shown to lead to mitochondrial damage, causing mitochondrial swelling, and impairment of the respiratory chain (19) .
MicroRNAs (miRNAs) are a family of short, non-coding RNAs involved in the post-transcriptional gene regulation. These single-stranded RNAs bind complementary to transcripts and repress their translation or initiate degradation (20) . miRNAs play a critical role in cellular and physiological processes and some were found to be expressed in a cell-or tissue-specific manner (21) , for instance mir-122 (22) is enriched in the liver and mir-192 in the kidney cortex (23) . Their dysregulation has been implicated with a wide range of diseases (24, 25) as well as with organ toxicity. In particular, miRNA122 is increased after hepatocellular damage in vivo and in vitro (26, 27) . With regard to the kidney, some studies indicate that miRNAs may be suitable urinary biomarkers for the detection of drug-induced nephrotoxicity (28, 29) .
Despite this, the application of miRNAs for the detection of kidney toxicity is still in progress. In this study, we selected a panel of four miRNAs: mir-21, mir-29a, mir-34a, and mir-192 as potential biomarkers for proximal tubular damage. Moderate upregulation of mir-21 decreases cell death but massive overexpression may lead to increased cell death, resulting in severe inflammation and fibrosis (30) . mir-29a and mir-192 are highly expressed in the kidney, including PTEC, and their expression is regulated by TGF-β1 (29, 31) ; mir-34a, on the other hand, has been related to apoptosis during disease and nephrotoxicity (32, 33) .
Our data show that the panel of four selected miRNAs is released from ciPTEC upon exposure to nephrotoxicants, making them promising biomarkers for toxicity to kidney proximal tubular cells in vitro. In addition, the studies performed in two different laboratories clearly demonstrate that ciPTEC-OAT1 grown on the OrganoPlate represent a robust platform for the assessment of nephrotoxicity in vitro. Additional research will be needed to determine their sensitivity and specificity.
MATERIAL AND METHODS

Cell Lines and Cell Culture Conditions
Human ciPTEC-OAT1 generated at Radboudumc (Nijmegen, Netherlands) (34, 35) were cultured using standard protocols in 2D (monolayer) and 3D (OrganoPlate). Cells (passage number 55-60), were expanded and maintained in T75 flasks, in DMEM-HAM's F12 supplemented with 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml selenium, 10 ng/ml epidermal growth factor, 36 ng/ml hydrocortisone, and 10% FBS, at 33°C and 5% v/v CO 2 .
For 2D experiments, ciPTEC-OAT1 were seeded in uncoated 96-well plates (Falcon) at a density of 10,000 cells/ well and cultured at 33°C for 3 days to enable cell proliferation. Cells were then cultured for a further 7 days at 37°C and 5% v/v CO 2 to stimulate differentiation and formation of an epithelial monolayer.
For 3D experiments, ciPTEC-OAT1 cells were cultured under flow in a 3D, 3-lane OrganoPlate (Mimetas BV, 4003 400B) with a channel width of 400 μm and a height of 220 μm was used. First, 1.6 μL extracellular matrix (ECM), composed of a mixture of collagen I from rat tail (4 mg/ml, AMSbio), sodium bicarbonate (3.7 mg/ml, Sigma-Aldrich), and HEPES (100 mM, Life Technologies), was applied to the middle lane and let to gel during approximately 30-45 min. Subsequently, 40,000 ciPTEC-OAT1 cells/chip were seeded in the cell channel, next to the ECM channel. The OrganoPlate was placed on an interval rocker platform (± 7°angle, 8-min interval) enabling a bidirectional flow through the perfusion channels. Cells were cultured for 3 days at 33°C and 5% v/v CO 2 to allow proliferation and for approximately 7-8 days at 37°C to allow differentiation before application of the test substances.
Exposures to Treatments
During the compound treatment, ciPTEC-OAT1 were cultured in DMEM-HAM's F12 supplemented with, 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml selenium, 10 ng/ml epidermal growth factor, 36 ng/ml hydrocortisone, and 10% FBS. Cells were treated with four different nephrotoxic compounds: cisplatin (Sigma, P4394, stock: 5 mM in 0.9% NaCl), tenofovir (Santa-Cruz, SC-204335 in medium), cyclosporine A (in DMSO), and tobramycin (Sigma, T1783, in medium). Cytotoxicity of the four compounds (EC50 values based on cell viability assays) was determined after 48 h exposure on 2D cultures. For subsequent experiments, two to three compound concentrations were chosen. Compounds were kept on the cells for either 24 or 48 h. Cell treatment for 48 h was expected to elicit cell toxicity, whereas 24 h was selected as an early time point for the release of miRNAs from 3D cultures. After treatment, the medium was collected for determination of miRNAs and NAG content; cell viability was measured using the WST-8 viability assay.
NAG Measurement
The levels of β-N-acetylglucosaminidase (NAG) in supernatant were determined using the NAG-Assay Kit (BioVision, K733-100). For both, 2D and 3D experiments, 30 μL medium was collected and used for the assay following the provider's instructions. Absorbance at 400 nm was measured in a Flexstation 3 (Molecular devices).
Cell Viability
At the end of the exposure period, the medium was removed for analysis and cells were incubated in fresh medium containing the Cell Counting Kit-8 (WST-8, Sigma #96992) to assess cell viability. In 2D experiments, 100 μL reagent was added per well and cells incubated during approximately 2 h at 37°C. In the OrganoPlate, 50 μl of WST solution (1:11 in Medium) was added to each medium inlet and outlet of bottom and top channels. OrganoPlates were incubated at 37°C for approximately 30-90 min. After a 2-min motionless incubation, absorbance in the top in-and outlets was measured with the Multiskan™ FC Microplate Photometer (Thermo scientific) or a FlexStation 3 (Molecular devices) at 450 nm.
For the determination of EC50 values, a subset of samples was used to determine intracellular ATP content using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega) and following the provider's instructions. Briefly, 50 μl of prepared solution was added to 50 μl of HBSS in each well. After 2 min of shaking and 10 min of stabilization time, the supernatant was pipetted into an opaque 96-well plate and the luminescence was measured in a FlexStation 3 (Molecular devices).
Detection of miRNAs in Medium
Total RNA was extracted from 80 μL supernatant using the miRNeasy® Serum/Plasma Kit (Qiagen, 217,184) following the manufacturer's protocol. miRNAs were reverse-transcribed using the TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems®, 4366596) and the miRNA-specific stem-loop primers for the miRNAs, mir-21, mir-34a, mir-29a, and mir-192 (Applied Biosystems™, TaqMan microRNA Assays, listed in Table I ). The reaction mix was prepared according to the manufacturer's instructions for a final reaction volume of 10 μL with 3 μL RNA extract. The PCR conditions were set for 30 min at 16°C followed for 30 min at 42°C and 5 min at 85°C.
The real-time PCR was carried out using a fluorometric thermal cycler (Qiagen, Rotor-Gene Q 3000 or Celtic Diagnostics, Corbett research PCR Rotorgene 6000). The reaction mix contained TaqMan® Fast Advanced Master Mix 1X (Applied Biosystems™, 4444557), TaqMan microRNA Assay primer 1X (Applied Biosystems™, see Table I ), and 1.3 μL cDNA in a final reaction volume of 20 μl. The PCRs were run at 95°C for 20 s followed by 40 cycles of 1 s at 95°C and 20 s at 60°C. All extracted RNAs were analyzed in technical duplicates; Ct values of these two measurements were averaged and considered a single value.
Data Analysis
Viability data (WST-8 assay and ATP content) and NAG release were calculated following the provider's instructions and expressed as percentage of the vehicle control group (set to 100%). EC50 values were calculated using a 4-parameter fit using GraphPad Prism (version 5.03). All PCR data were analyzed with the Rotor-Gene 6000 software version 1.7. Changes of miRNA levels in supernatants were determined by comparing the Ct values in the treated samples in comparison to the control samples and expressed a −ΔCt.
For statistical analysis of the effects, we applied ANOVA, followed by Dunnetts' multiple comparison test for pair-wise comparison, using GraphPad Prism (version 5.03). Significance levels are *p ≤ 0.05, **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001. 
RESULTS
Dose-Range Finders in ciPTEC-OAT1
As described in BMaterial and Methods^, ciPTEC-OAT1 were exposed to several concentrations of the four test substances to determine the EC50s and select appropriate concentrations for the follow-up experiments. As depicted in Fig. 1, all 
Toxicity Responses and miRNA Release in 2D and 3D
Based on the concentrations selected from the EC50 values, we compared the responses of ciPTEC-OAT1 cells to cisplatin (high toxicity, EC50~20 μM) and tenofovir (medium toxicity, EC50~250 μM) in 2D and in 3D (OrganoPlate). As depicted in Fig. 2 , side-by-side comparison of the effects on cell viability shows that both compounds lead to dose-dependent decreased viability at similar concentrations in both systems. The extent of the loss of viability was greater in 2D than in 3D cultures.
In order to evaluate secreted miRNAs as potential biomarkers, the medium of the cells exposed to cisplatin or tenofovir for 48 h was collected and processed as described in BMaterial and Methods^. As depicted in Fig. 3 , both compounds elicited increases in all four measured miRNAs (mir-34a, mir-192, mir-21 and -29a) in the cell culture medium. Cisplatin led to significant increased miRNA concentrations at 5 and 15 μM in 2D and 3D, respectively. Tenofovir, showed significantly higher miRNA release at 250 μM in both 2D and 3D. Concordant with the overt cytotoxicity, the levels of miRNAs released after treatment of cells with cisplatin at 15 μM in 2D was significantly higher than the control but lower than the values measured at 5 μM.
These results show that the release of specific miRNAs into the medium was indicative of toxicity. An additional finding of these experiments was that the increase in mir-192 was generally the highest observed while mir-21 seemed less sensitive. These findings are very similar in 2D and 3D cultures (Fig. 3) . 
Toxicity Responses and miRNA Release in 3D at an Earlier Time Point
The results obtained in 2D and in 3D after exposure of ciPETC-OAT1 to cisplatin and tenofovir after 48 h exposure were strongly indicative of the potential of this miRNA panel as potential biomarkers of nephrotoxicity. Next, we assessed the effect of cisplatin, tenofovir, cyclosporine A, and tobramycin in an independent set of experiments that included 24 h exposure as an earlier time point and 48 h exposure to replicate the previous results.
Exposure of ciPTEC-OAT1 in OrganoPlate to all four compounds caused a time-and concentration-dependent decrease in cell viability, as depicted in Fig. 4a , with the lowest viability levels caused by exposures to cisplatin and cyclosporine A. Concordantly, only cisplatin and cyclosporine A caused significant time-and concentration-dependent increases in NAG activity in medium (Fig. 4b) . Tobramycin led to a significant, yet moderate decrease in viability (69% at 24 h). Also, tenofovir led to a concentration-dependent decrease in viability at 24 h. The turnover of WST was increased by the low concentration of tenofovir. However, the values were significantly lower 48 h after treatment with 1000 μM (compared with 15.6 μM). With regard to NAG, tobramycin and tenofovir only caused marginal effects (not significant) and only at the highest concentration and after 48 h of exposure (Fig. 4b) .
The medium of the treated cells was collected after 24 h of exposure and miRNA levels determined as described before. All four tested compounds led to concentrationdependent increases in the miRNA panel (Fig. 5a-c) . Specifically, tobramycin and cyclosporine A caused a dosedependent increase of all tested miRNAs, while cisplatin and tenofovir led to an increase in three of the four miRNAs; mir-21 did not show significant changes with these compounds. These results are concordant with the results obtained in the previous experiments in 2D and in 3D (Fig. 3) .
DISCUSSION
In this work, we evaluated the suitability of a novel in vitro system to detect the potential of compounds of causing renal proximal tubule damage in man. In our approach, we exposed renal tubular cells to four nephrotoxic compounds in two different cell culture systems, 2D mono- Fig. 2 . Cell viability determined by the WST-8 assay after 48 h exposure of cells to cisplatin and tenofovir in 2D (96-well plates) and 3D (OrganoPlates). In 2D, data represent average ± SD of six replicates. In 3D, data represent average ± SD of two independent experiments with four to five replicates each. All data are expressed as percentage of control values Fig. 3 . miRNA levels (mir-21, mir-29a, mir-34a, and mir-192) released into the medium after 48 h exposure of ciPTEC-OAT1 cells to cisplatin and tenofovir in 2D (96-well plates: graphs a and b) 3D (OrganoPlates: graphs c and d). Data are expressed as log2 fold-change (−ΔCT) using the vehicle-treated samples as baseline. Data represent average ± SD of three or four replicates (for 2D and 3D, respectively) layers and 3D microfluidic OrganoPlates. We assessed cytotoxicity, NAG release, and miRNA release into the medium. Preliminary experiments showed that all compounds exert cytotoxicity on the ciPTEC-OAT1, with EC50 ranging from relatively low for cisplatin and cyclosporine A to medium for tenofovir or very high with tobramycin. For cyclosporine A, cisplatin, and tobramycin, the EC50 values are in agreement with results obtained in another laboratory using a different cell 2018) Highthroughput screening of drug-transporter interactions in a 3D microfluidic renal proximal tubule on a chip). The selected cell line overexpressing OAT1 is particularly suited for these experiments, as tenofovir is known to be internalized via the OAT transporters (35, 36) .
The release of the four selected miRNAs into the medium was significantly increased upon treatment with cisplatin and tenofovir for 48 h in 2D and 3D cultures. This suggested that miRNA release of mir-21, mir-29a, mir-34a and mir-192 may be good indicators of compound-induced cell death of proximal tubular cells. Both compounds led to a concentration-dependent decrease in viability and to a dosedependent increase in miRNAs. It is noteworthy, that the miRNA release of the cells exposed to 15 μM of cisplatin for 48 h was less marked that the cells treated with 5 μM. A plausible explanation for this finding is that at this time point and concentration, overt cytotoxicity acts as a confounding factor. Thus, subsequent experiments were performed in which miRNA was collected earlier, 24 h post-exposure. In this set of experiments, we also assessed the effects of cyclosporine A and tobramycin.
The experiments performed with on ciPTEC-OAT1 treated with cisplatin, tenofovir, tobramycin, or cyclosporine A in the OrganoPlate corroborated the toxicity of the compounds to ciPTEC-OAT1, as shown by the decreased viability observed after 24 or 48 h exposure. The commonly used nephrotoxicity biomarker NAG appeared to be less sensitive than viability assays, as only cisplatin and cyclosporine A led to a significant increase in activity at the highest tested concentrations. The levels of the selected miRNAs in the medium, on the other hand, were consistently and dose-dependently increased by all four test compounds. Hence, the changes in miRNAs in the medium outperform conventional viability assays.
Altered miRNA levels have been associated with the pathogenesis of various renal diseases, such as acute kidney injury and renal fibrosis (30, 37) . Also, circulating miRNAs and exosomal miRNAs are known to be released as a response to stress or during injury (38) and have been proposed to have great potential as biomarkers for prognosis and diagnosis of several diseases (39, 40) . Whether the changes in released miRNAs detected in our study are due to incipient cell damage (leakage) or are causally related to the ensuing cytotoxicity cannot be concluded from our experiments. However, it is known that in the kidney, circulating miRNAs and exosomal miRNAs are released as a response to stress or during injury, and may be suitable biomarkers in vivo (38, 40) . This would make miRNAs potential translational (in vitro-in vivo) biomarkers of nephrotoxicity. Also, our data show that increased release of miRNAs may be detectable before significant toxicity and/or leakage of NAG becomes apparent. This indicates better sensitivity, but targeted investigations on the mechanisms of release of the miRNAs would be necessary to clarify this point. Cultures of ciPTEC-OAT1 can be maintained for at least 2 weeks on the OrganoPlate (unpublished data), which would allow time-course experiments to be performed in the future.
Altogether, the data presented here point out that miRNAs (mir-21, mir-29a, mir-34a, and mir-192) are suitable biomarkers for drug-induced toxicity of proximal tubular cells in vitro. These miRNAs play different roles in tissue damage, which further supports their usefulness as PTEC injury markers. In vivo, mir-29a in serum correlates with the severity of acute kidney injury (12) and has also been associated with the modulation of early events that facilitate tissue remodeling in tendon (41) . mir-192 and mir-34a have been associated with tissue fibrosis and apoptosis (32, 33, 37) . mir-34a is induced in kidneys of mice (in vivo) and in a mouse proximal tubular cell, BUMPT-306 (in vitro) after cisplatin-induced activation of p53. Experimentally blocking the induction of mir-34a led to an exacerbation of the tissue damage, indicating that this miRNA may play a cytoprotective role (33) . mir-192 is considered kidney-specific and is highly expressed in the renal proximal convoluted tubule. It has been reported that knockdown of mir-192 in mice led to upregulation of Atp1b1 protein, suggesting a mechanism by which mir-192 suppresses Na + /K + -ATPase and contributes to renal handling of fluid balance (42) . Moreover, toxicological investigations with acetaminophen showed an increase in the release of mir-192 that did not correlate with hepatotoxicity and suggested a direct association with acetaminopheninduced kidney damage (43) . From all four miRNAs determined in our study, mir-21 seems to yield the most variable performance, as it was only significantly increased by some treatments. This may be due to the fact that in acute kidney injury, mir-21 is involved in the prevention of apoptosis by the epithelial cells and in the development of fibrosis by promoting myofibroblast differentiations (30) . Thus, some of the changes in mir-21 observed in disease progression may involve myofibroblasts, a cell type not represented in the ciPTEC-OAT1 cultures. Hence, despite its implication as a potential clinically relevant marker for kidney damage, the results obtained with mir-21 may lead ultimately to its exclusion from the panel of in vitro biomarkers. Similarly, in our hands, changes in NAG released into the medium showed a relatively poor performance as an in vitro biomarker. Despite the fact this tubular enzyme has emerged as a predictor of tubular damage in serum and in urine (44) , it was a more variable and less sensitive indicator of PTEC damage than WST-8 viability assay or miRNA release.
Our data further demonstrate that the panel of miRNAs is applicable to 2D (96-well) and 3D (OrganoPlate under flow conditions) PTEC cultures. Based on the results obtained with four compounds known to be toxic to the proximal tubule, we are not yet able to claim that these biomarkers will apply to a larger panel of nephrotoxicants. This point would require a larger number of test substances, including positive and negative compounds. However, the data strongly suggest that the release of the selected miRNAs into the medium is a good indicator of cellular damage to proximal tubular cells that can be implemented in vitro. Both these systems are compatible with medium-to high-throughput screening and image analysis and could be promptly implemented in the drug screening process. Cell culture in the OrganoPlate offers the additional advantages of allowing culture under more physiological flow conditions and the parallel assessment of functional aspects such as epithelial barrier function (45) . miRNAs are attractive biomarkers since they can be measured without interrupting the exposure and are relatively easy to quantify using accessible molecular biology methods such as qPCR and NexGen sequencing. Moreover, the performance of similar experiments at two sites (FHNW and Mimetas) showed the technical site-to-site transferability of the cell culture system and of the selected markers, a key requirement for their successful implementation. As shown in this paper, the profiles of miRNAs secreted into the medium showed similar profiles after exposure of ciPTEC-OAT1 to cisplatin and tenofovir in 2D and in 3D. Consistent with this, the cytotoxicity caused by cisplatin and tenofovir was comparable in the different experimental settings.
CONCLUSION
The results presented in this manuscript strongly support the use of miRNAs (mir-21, mir-29a. mir-34a, and mir-192) in cell culture medium as early and sensitive biomarkers of damage to renal proximal tubule cells. This biomarker panel, in combination with the 3D cultures of ciPTEC-OAT1 in the OrganoPlate, represents a promising novel tool for in vitro detection of nephrotoxicity.
